The biochemical mechanism of resistance to kanamycin, viomycin, and rifampin in five clinical isolates of Mycobacterium tuberculosis was studied. Resistance to viomycin and kanamycin was attributed to altered ribosomes, whereas resistance to rifampin was attributed to an alteration of RNA polymerase. Ribosomal resistance was, however, not the only way of expressing resistance to viomycin and kanamycin.
. RIF was purchased from Sigma Chemical Co.
Strains and culture. The drug-susceptible and -resistant strains of M. tuberculosis were obtained from inpatients at Toneyama National Hospital, Osaka, Japan, from H. Maeda and Y. Yamamura. Of 20 strains, all except strain TYO were resistant to all or some of the drugs SM, KM, VM, capreomycin, RIF, isoniazid, p-aminosalicylic acid, ethionamide, cycloserine, and ethanbutol. Five of the drug-resistant strains were chosen randomly for the study. Each strain was purified as follows. The organisms were cultured in Kirchner liquid medium (16) at 37°C. Portions of the culture were streaked on 30 ml of whole egg medium consisting of 200 ml of whole egg, 1 g of potassium phosphate (monobasic), 1 g of sodium glutamate, 6 ml of glycerol, 6 ml of 2% malachite green, and 100 ml of distilled water. After incubation for more than 2 weeks, isolated colonies were obtained. These * Corresponding author.
procedures were repeated twice. The drug-susceptible strain TYO and drug-resistant strains TY4, TY6, TY8-1, TY8-2, and TY18 were thus obtained. TY8-1 and TY8-2 were isolated from the same patient. Each of the other strains was isolated from a different patient. Strains TY4, TY6, TY8-1, and TY8-2 were further purified by cultivation in Kirchner liquid medium containing VM at a concentration of 10 to 20 ,ug/ml, after they were confirmed to be VM-resistant isolates. Sauton medium, used for harvesting the cells, contained 4.0 g of asparagine, 2.8 g of sodium citrate, 0.5 g of potassium phosphate (dibasic), 0.5 g of magnesium sulfate, 0.05 g of ammonium ferric citrate, and 60 ml of glycerol in 1,000 ml (pH 7.2).
MICs. MICs were determined in Kirchner liquid medium. The concentrations of antibiotics used were 1.25, 2.5, 5.0, 10, 20, and 40 ,ug/ml. A 0.10-mg amount (wet weight) of each strain was inoculated into 5 ml of the medium. The extent of growth was examined after 2 weeks of incubation at 37aC. The lowest concentration of antibiotic for which no visible growth was observed was expressed as the MIC.
Ribosomes and supernatant fluid. Organisms were cultured on the -surface of Sauton liquid medium at 37°C without shaking. They were harvested by filtration on filter paper (Toyo, Tokyo, Japan) before the growth reached maximum after about 3 weeks. After being washed with 10 mM Tris-hydrochloride buffer (pH 7.8) containing 60 mM ammonium chloride, 6 mM 2-mercaptoethanol, and 10 mM magnesium acetate, the cells were suspended in twice their wet weight of the same buffer and disrupted by sonic oscillation for 1 min. The experimental conditions for sonication were as described previously (13) . Sonication was repeated three more times at 4 to 13°C. Cell debris was removed by centrifugation at 20,000 x g for 20 min. The resulting crude extract was centrifuged in the same way one more time. Ribosomes and the supernatant fluid were separated by centrifuging the crude extract at 104,500 x g for 120 min. The supernatant fraction was dialyzed against 10 liters of the same buffer.
Poly(U)-directed polyphenylalanine synthesis. Experimental conditions for polyphenylalanine synthesis were as described previously with a few modifications (10, 13 p.g of Escherichia coli transfer RNA, and 10 mM magnesium acetate. After incubation at 37°C for 45 min, the reaction was stopped by adding 1 ml of 10%o trichloracetic acid (TCA), and the mixture was incubated for an additional 30 min at 90°C. The resulting acid-insoluble material was collected on membrane filters (glass-fiber paper, Whatman paper chromedia, GE 83; Whatman Inc.). Radioactivity was counted in a liquid scintillation spectrometer.
Purification of RNA polymerase. The supernatant fraction was loaded on a DE52-cellulose column (bed volume, 20 ml) equilibrated with TGED buffer (50 mM Tris-hydrochloride [pH 7.9], 0.5 mM EDTA, 25% [vol/vol] glycerol, 1 mM dithiothreitol). The column was washed with 40 ml of TGED buffer containing 0.1 M NaCl and then eluted with 80 ml of a linear gradient (0.1 to 0.6 M NaCl in TGED buffer) at a flow rate of 1.5 ml/30 min. The activity of RNA polymerase in each fraction was determined by using calf thymus DNA as a template. The fractions containing RNA polymerase were collected and dialyzed against 10 mM Tris-hydrochloride buffer (pH 7.8) containing 10 mM magnesium-acetate, 0.1 mM EDTA, 1 mM dithiothreitol, 0.2 M NH4Cl, and 5% glycerol. The sample was loaded on 11 ml of glycerol gradient (15 to 35%) in the same buffer. After centrifugation at 37,000 rpm in a Beckman SW41 rotor for 16 h at 4°C, 0.2-mnl fractions were collected from the bottom of the tube. The fractions containing RNA polymerase were collected and then dialyzed against 10 mM Tris-hydrochloride buffer (pH 7.8) containing 10 mM magnesium-acetate, 0.1 mM dithiothreitol, 0.1 M NH4CI, 50o (vol/vol) glycerol, and 0.1 mM EDTA. The enzyme was stored at -20°C until use.
RNA synthesis in a ceHl-free system. For the in vitro assay of transcriptiod catalyzed by purified RNA polymerase, the reaction mixture (0.105 ml) contained 40 mM Tris-hydrochloride buffer (pH 7.8), 6 mM 2-mercaptoethanol, 60 mM NH4CI, 10 mM magnesium acetate, 0.2 mM Na2EDTA, 2.2 mM ATP, 0.3 mM each of GTP, CTP, and [3H]UTP (0.4 mCi/,mol), 1 mM K2HPO4, 4 jig of plasmid colicine El DNA, and 1 ,ug of RNA polymerase. After incubation of the reaction mixture at 37°C for 20 min, the reaction was halted by treatment with 5% trichloroacetic acid solution at 0°C for 30 min, and the reaction mixture was filtered slowly through glass-fiber paper. The residue on the filter was washed with 5% trichloroacetic acid solution, dried, and counted in a scintillation counter. For the preparation of plasmid DNA, a cleared lysate was prepared according to the method of Clewell and Helinski (1) . The plasmid DNA was extracted with chloroform-isoamyl alcohol (24:1), precipitated with ethanol, and purified by ethidium bromide-CsCl density gradient centrifugation. The purified DNA was dialyzed against 10 mM Tris-hydrochloride (pH 7.8) containing 1 mM Na2EDTA. RESULTS MICs of various antibiotics. MICs of VM, KM, SM, and RIF for strains TYO, TY4, TY6, TY8-1, TY8-2, and TY18 are shown in Table 1 . The drug-susceptible strain TYO was inhibited by SM, KM, VM, and RIF at concentrations of 1.25, 2.5, 5, and 1.25 ,ug/ml, respectively. Strains TY8-1 and TY8-2, which were isolated from the same patient, responded differently to the antibiotics. Strain TY8-2 was resistant to KM, whereas strain TY8-1 was susceptible to KM. This observation indicates that strains varying in susceptibility may exist in an individual patient. All of the strains were analyzed biochemnically. Characterization of strain TY4. A poly(U) system containing ribosomes and supernatant fluid from strain TYO was prepared and tested for susceptibility to VM, KM, and SM. Poly(U)-directed polyphenylalanine synthesis was almost completely inhibited by VM at 1 ,ug/ml, and approximately 80% of polypeptide synthesis was inhibited by KM at 5 ±g/ml. On the other hand, SM was not found to inhibit poly(U)-directed polyphenylalanine synthesis, for an unknown reason, although it was active in the culture (Table  1) . Therefore, our efforts were focused on determining the susceptibility of the system to VM and KM. A similar system from strain TY4 was tested, and the susceptibility to the drug was compared to that from strain TYO. The in vitro system from strain TY4 was found to be resistant to these antibiotics (data not shown).
To determine whether the drug resistance was due to an alteration of ribosomes or of the supernatant fraction, these two components were exchanged between strains TYO and TY4. Each system was tested for susceptibility to VM and KM. The results (Table 2) showed that drug resistance was determined by the ribosome source. The system composed of susceptible ribosomes and resistant supematant fluid was inhibited strongly by 1 p,g of VM per ml, as was the system in which both supematant fluid and ribosomes were susceptible (homologous susceptible). On the other hand, the system composed of resistant ribosomes and susceptible supernatant fluid was resistant to VM, as was the system in which both supernatant fluid and ribosomes were resistant (homologous resistant). Similarly, the susceptibility of each system to KM was determined. It can be seen that an alteration of ribosomes is responsible for KM resistance.
The in vitro RNA-synthesizing system was examined for susceptibility to RIF. The results are presented in Table 3 . RNA synthesis was almost completely inhibited by 1 and 5 ,ug of RIF per ml in the system containing RNA polymerase from the susceptible strain, whereas no significant inhibition by the same concentrations of the antibiotic was seen in the system derived from strain TY4. We concluded that an alteration of RNA polymerase in strain TY4 is responsible for the resistance to RIF.
Characterization of strain TY6. Strain TY6 was susceptible to RIF and KM but resistant to VM ( Table 1 ). The location of the resistance to VM was examined in the poly(U)-directed polyphenylalanine-synthesizing system. Ribosomes and supematant fluid were exchanged in various combinations. The effects of VM and KM on the systems were tested, and the results are presented in Table 2 . The homologous system from susceptible strain TYO was inactive in the presence of 1 ,ug of VM per ml, whereas less inhibition in the similar system from resistant strain TY6 occurred in the presence of the same concentration of VM. From the results with interchanging ribosomes and supernatants, it was concluded that an alteration of ribosomes was responsible for VM resistance. In contrast, each system was equally inhibited by 5 p.g of KM per ml, as expected from the results in Table 1 .
Characterization of strains TY8-2 and TY8-1. Strain TY8-2 was susceptible to RIF, but resistant to VM and KM (Table  1) . Indeed, RNA polymerase derived from strain TY8-2 was as susceptible to RIF as was that from susceptible strain TYO (data not shown). Ribosomes and supernatant fluid were exchanged between susceptible strain TYO and resistant strain TY8-2, and the effect of VM and KM on poly(U)-directed polyphenylalanine synthesis was examined. The results are presented in Table 2 . Polypeptide synthesis in the system consisting of ribosomes from strain TYO and supernatant fluid from strain TY8-2 was almost completely inhibited at a VM concentration of 1 p.g/ml, as was the homologous susceptible system. In contrast, the system consisting of sensitive supernatant fluid and ribosomes from strain TY8-2 was resistant to inhibition by VM, as was the homologous resistant system. The degree of resistance, however, was lower than that of strain TY4 and strain TY6. Regarding the KM sensitivity, no clear-cut result was obtained, though a tendency for KM resistance to be associated with ribosomes from the resistant strain was reproducibly observed.
Strain TY8-1 was resistant to VM but susceptible to KM and RIF. Ribosomes from strain TY8-1 were examined for susceptibility to KM and VM in the poly(U) system. The results are presented in Table 2 . Poly(U)-directed polyphenylalanine synthesis with ribosomes from strain TY8-1 was strongly inhibited by 1 ,ug of VM per ml.
Characterization of strain TY18. Strain TY18 was susceptible to KM and VM but resistant to a high concentration of RIF (Table 1) . RNA polymerase was purified from the strain and tested for susceptibility to RIF in the cell-free system. The results in Table 3 clearly show that the resistance is due to an alteration of RNA polymerase. DISCUSSION Despite a previous report that a KM-resistant strain of M. tuberculosis possesses the enzyme(s) for inactivating the drug by acetylation (5), there are good reasons to believe that chromosomal mutation and the resulting alteration of the cellular component might commonly be responsible for M. tuberculosis drug resistance in patients. First, a mutant resistant to multiple drugs can usually be isolated only after therapy with the individual drugs. Second, to acquire a plasmid conferring a drug-inactivating enzyme, tubercle bacilli carrying a plasmid must be newly inhaled (exogenous reinfection). However, such an exogenous reinfection cannot be assumed to be the usual case from the immunological standpoint. Rather, endogenous reinfection, which is caused by organisms which are present and have survived in the primary lesion of the lung of the patient, are considered to be common.
However, it must be stressed that arguments mentioned above do not exclude the possible involvement of R factors in some cases. In this paper, we present evidence that drug resistance was due to alterations of ribosomes and RNA polymerase. VM resistance of four isolates was due to altered ribosomes. The degree of VM resistance in vitro was different among the strains, although they were equally resistant to VM in the culture. A possible explanation for these observations might be that ribosomal alteration is not the only way to acquire VM resistance, and mutation in the gene coding for permeability to the drug may have occurred.
Genetic and biochemical analysis of the mutants from M. smegmatis revealed that there are two loci (vicA and vicB) for VM resistance which specify the structure of the ribosome, one for 30S and the other for SOS ribosomal subunits (7, 12, 13, 15) . There is one more locus for VM resistance designated as vicC which might confer a change of permeability (11). These observations on M. smegmatis are consistent with the considerations discussed above regarding M. tuberculosis.
High-level resistance to KM was due to the alteration of ribosomes in the case of strain TY4. In contrast, ribosomes from strain TY8-2 were susceptible to KM in the cell-free system, whereas the strain was highly resistant to the drug in the culture. The experimental results suggest that either a change in permeability or acetylating enzyme may be responsible for KM resistance.
The ribosomal proteins were extracted from strain TY4 and analyzed by two-dimensional electrophoresis. At least two proteins were found to be altered. This data will be presented elsewhere.
Alteration of RNA polymerase was demonstrated in the system containing the highly purified enzyme. Therefore, there is no ambiguity regarding the existence of the drug-inactivating enzyme. The molecular characterization will be reported elsewhere.
We can therefore suggest that a variety of biochemical mechanisms may be concerned in the phenotypic expression of drug resistance in clinical isolates of M. tuberculosis. Furthermore, selection of multi-step mutations in patients during the course of chemotherapy can be proposed as a common mechanism.
LITERATURE CITED
